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NOMENCLATURE
For this project, the English system of units was most applicable, since it is what is used at DCPP.
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EXECUTIVE SUMMARY
PG&E‟s Diablo Canyon Power Plant (DCPP) has requested an operational flow loop simulator to aid in
operator/technician training. The flow loop simulator will provide hands-on training that the current
plant training process cannot model. This project is a continuation from the 2009-2010 school year.
Project scope and design requirements were gathered from the previous group‟s design reports as well as
meetings with PG&E. The goal of this year‟s project team is to verify, enhance and implement the
schematic diagram proposed by last year‟s team.
The main focus of the flow loop simulator is to provide operators and technicians with hands-on
training with components similar to those found throughout DCPP. Examples of training experiments
will include heat transfer experiments, tank vortexing, tank level control, valve failure/calibration, and
correcting a “soft foot” on an electric motor. The flow loop simulator will serve a dual purpose by
providing training scenarios for both operators and technicians.
The main goals of this year‟s design team are to complete the design and manufacturing of the flow loop
simulator, design relevant training scenarios and provide clear documentation for future design teams.

INTRODUCTION
PG&E requires that all technicians, operators and engineers at DCPP undergo comprehensive training,
which is currently conducted in-house. There is a need for a training device that exposes technicians and
maintenance staff to a typical thermal/fluids system. Physical consequence is a characteristic that the
existing PG&E power plant training process does not provide. The two main training systems at DCPP
currently include computer simulations and an inoperable flow loop simulator. There is no system on
which an operator can perform maintenance work without working on components used in the actual
power-generation loops. An operating flow loop simulator will allow student technicians to operate a
working system with actual components, since the actual systems at the plant are off-limits for hands-on
training and experimentation. The simulator will be comprised of components and instrumentation
typically found on a thermal/fluid system: pumps, tanks, heat exchangers, isolation valves, control
valves, pressure transducers, temperature transmitters, and flow meters. A physical flow loop simulator
will give student technicians hands-on experience with the operation of a thermal/fluid system, as well as
the system response to failures in control and instrumentation. Hence, the operable flow loop simulator
will provide student technicians sufficient training to eventually conduct maintenance on the actual
power plant.
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METHOD OF APPROACH
The method of approach for this year‟s PG&E flow simulator project was different than the traditional
senior project. The same “Design → Build → Test” method of approach was implemented, but the
design team did not start at the same point as a traditional senior project. While most teams start with a
concept and a blank slate, this year‟s design team is continuing a project that was started last year. Last
year‟s design team focused on the primary system components, leaving many systems for this year‟s team
to design. The heat rejection system for the cold loop, the pipe support system, and the chemical
addition system made up the bulk of these systems.
A large part of the project focused on the construction and implementation of the new designs. The
systems and controls teams from last year developed a preliminary schematic and solid model of the flow
loop simulator and completed the majority of the construction of the skid frame.
The first goal of this year‟s design team was to contact PG&E and verify engineering specifications. The
purpose of this step was to verify the customers‟ needs, noting any changes since last year. A majority of
the engineering specifications and technical data came from the two previous PG&E senior project
reports. To aid in the understanding of the past senior project reports, past group members (Kevin
Rehm and Tyler Ista) were contacted. In addition, background research was performed to better
understand existing training systems for power plant technicians.
Before any design decisions were made, this year‟s design team aimed to understand the methodology
used to generate the flow loop simulator schematic. Once the schematic was verified, new system
components (radiator, chemical addition tank, pipe supports) were designed and tested. Necessary
components were then purchased once the design was complete.
A list of purchased items and their respective lead times was generated to quantify cost and
manufacturing time. This was a crucial step to ensure that materials requiring long lead times did not
cause delays in the construction/assembly phase.
Once all of the necessary components were purchased/obtained, assembly of the flow loop simulator
began. Construction followed the design laid out by the solid model, which was modified by this year‟s
design team to reflect design changes made. Adjustments to the solid model were also made as the
construction progressed and changes were made to the original design. The solid model and detail
drawings (Appendix K, Appendix L, and Appendix M) included in this report are the most up-to-date
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versions, and are an accurate representation of the real system. Care was taken in the assembly process to
ensure that design requirements such as skid weight and dimensions were met. Appropriate testing
followed the completion of the construction and assembly of the system.
An important goal of this year‟s project group is to produce a quality design report. One of the
difficulties associated with taking over from a previous team is the cutover from one group to the other.
This year‟s team spent almost 4 weeks studying last year‟s reports in order to gain sufficient knowledge
for continuing and finishing this project. This report is written so that a continuation team could use it in
an effective manner towards the completion of the project.

OBJECTIVES
The overall objective of this report is to provide PG&E with the final design requirements for a flow
loop simulator to train current and future operators at DCPP. The simulator will be a fully functional,
albeit simplified, physical model of the power generation system and will contain components that are
similar or exact to those used throughout the plant. After examining the reports from last year‟s senior
project teams, the engineering specifications were developed. These specifications range from the
number of pumps, to the maximum allowable temperatures and pressures. A full list of the specifications
can be found in Table 7 in Appendix B. The engineering specifications originated from the customer‟s
needs and were either expressed or verified by PG&E.

BACKGROUND
This year‟s flow loop simulator senior project is a continuation from last year. Two teams, a systems
team and a controls team, completed a portion of the system‟s design and began construction.
Therefore, as a starting point, this year‟s team reviewed the previous flow loop simulator reports. In
order to familiarize ourselves with the design and operation of a flow loop simulator, the systems report
was first reviewed. Detailed notes and questions for previous design team members were documented in
logbooks. A Solid Works model of the proposed design (Figure 1) is shown below, and a schematic
(Figure 41) is included in Appendix A.
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Figure 1. Solid Works model of finalized flow loop simulator concept.
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FUNCTIONAL DESCRIPTION OF SCHEMATIC
The schematic shown in Appendix A symbolically represents the layout of the system. Included in the
schematic are hot and cold tanks, three centrifugal pumps, a shell and tube heat exchanger, the heat
rejection system, and all valves used in the system. The chemical addition system is comprised of the
chemical addition tank, metering pump, and a switch valve. A schematic from last year‟s controls team is
also included (Figure 42), and includes the instrumentation and control system components, including
pressure transducers, temperature sensors, level indicators, and flow indicators.
In order to fully understand the components and purpose of this system, it is important to understand
the flow of the water through the loops. Water in the hot tank will be heated by immersion heaters to
140°F. From the hot tank, it goes through the hot loop pump, where it is pumped into the tube side of
the shell and tube heat exchanger. Inside the heat exchanger, the hot water transfers heat to the cold
loop water, which cools the hot loop water down to 130°F. The hot loop then exits the heat exchanger
and returns to the hot tank, where it is reheated to 140°F before starting the process over again. The hot
loop system has the option to bypass the heat exchanger, which allows the hot water to increase its
temperature during system startup.
Water in the cold tank enters the cold loop pump, where it is pumped into the shell side of the shell and
tube heat exchanger. In the heat exchanger, the cold loop water absorbs heat from the hot loop water,
increasing its temperature from 115°F to 125°F. After exiting the heat exchanger, the water flows into
the heat rejection system. The water enters the heat rejection system at 125°F, and rejects heat to the
surroundings, leaving the heat rejection system at 115°F. It then returns to the cold water tank where it
rejoins the already cool water and begins the cycle again. The cold loop has 2 bypass options. Like the
hot loop, the cold loop has a heat exchanger bypass branch. It also has a heat rejection system bypass,
allowing the cold loop water to exit the heat exchanger and return directly to the cold tank. The heat
rejection system bypass will be used when bringing the cold loop up to operating temperature. During
startup, the cold loop will be at room temperature, and will need to be heated up to 125°F at the outlet
of the shell and tube heat exchanger. This will be done by pumping the water through the heat
exchanger, where it will absorb heat from the hot loop, and then returning this warmer water directly to
the tank without cooling it through the heat rejection system.
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PROJECT SCOPE
Once familiar with the project, the team finalized the scope for this project and collaborated with PG&E
to ensure that both parties were satisfied with the end product that the team was to produce by the end
of the 2010-2011 school year.
Responsibilities for this year include:


Design the cold loop heat rejection system



Manufacture and assemble piping network, including piping, pumps and valves



Tack all joints in place to prepare the system for final seal welding



Specify and manufacture pipe hangers

Responsibilities of PG&E:


Assistance with piping



Final seal welding of system

EXISTING CONCEPTS
The team referred to PG&E‟s existing, non-operational flow loop simulator located at DCPP to get a
general idea of the scale of this project, and to see approximately what the final design will look like. The
purpose of the non-operational flow loop simulator at PG&E is to instruct student technicians about
plant and maintenance procedures. However, the existing simulator lacked proper planning and
engineering, resulting in improperly sized components.
Before moving forward in the design process, the team researched any other existing simulators or
systems similar to the proposed design. The team found that there is an existing flow loop simulator at
Cooper Union Nuclear Power Plant. The schematic diagrams are included in Appendix A.
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Figure 2. Existing flow loop simulator at DCPP. Credit: PG&E

CURRENT PROJECT STATUS
All of the major systems have been manufactured/procured and assembled. The manufacturing done by
the team includes:


Skids aligned and joined



Pumps mounted (including shimming)



Motor boxes mounted, aligned and welded



Piping network cut and threaded



Network of piping, pumps, flanges, valves, tanks, and heat exchanger assembled



Pipe hanger supports manufactured and assembled



Tanks mounted
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Figure 3. Primary skid with unsecured cold tank.

Figure 4. Secondary skid, which contains the heat exchanger, detached from the primary skid.
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Figure 5. Three feed pumps mounted to the primary skid.

Figure 6. Thread detail on pump outlet.
17

Figure 7. Outlet manifold for all three feed pumps.

Figure 8. Cold loop heat exchanger bypass.
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Figure 9. Piping network detail.
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Figure 10. Piping network detail.

Figure 11. Construction progress of flow loop simulator.
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MANAGEMENT PLAN
The team for the flow loop simulator project this year consisted of John Abruzzini, Manuel Carrasco,
Neil Sutherland, and Elise Woolworth. To allow the group to work more efficiently, each major
component subsystem was assigned to one member, who focused their time on the completion of their
respective component. It should be noted that while each member was responsible for certain
components, all members conferred with the other members throughout the process. The purpose of
assigning components to individual members was to increase the team‟s performance by allowing
multiple components to progress through the design process in parallel.
John was in charge of valve selection/implementation, as well as the design and specification of the pipe
hanger supports. Since he has previous experience with threading pipe, he was also the overseer of the
pipe threading process. Assistance from PG&E with pipe threading was utilized to ensure the project
was completed within the time constraints. Manuel was the chemical addition system and seismic analyst.
He was responsible for the analysis of the chemical addition system and metering pump. Manny was also
responsible for the Finite Element Analysis (FEA) of the skid to ensure that deflections are within
design requirements. Neil was responsible for the heat rejection system. His duties included analyzing,
designing, sizing, and selecting a proper heat rejection system. Elise was the coordinator and
communicator. She was responsible for contacting the team‟s sponsor, advisors, and vendors as well as
keeping the other three members informed about all communication. All team members worked
together in the analysis and selection of water tanks and the assembly of the entire system. Furthermore,
a list of outstanding tasks from last year, and how they were completed, is discussed below (Table 1).

21

Table 1. Manufacturing needed to be completed on each subsystem/component as of the end of last
year‟s progress.
Component

Manufacturing

Pumps

Weld motor bases to skid, weld motor mounting nuts to
motor base, mount pumps on skid, align pumps/motors

Tanks

Secure cold tank via steel cabling, mount hot tank via steel
straps, mount heaters in tank

Heat Exchanger

Align heat exchanger position relative to supports according
to piping dimensions

Piping

Cut and thread according to pipe specifications

Instrumentation

Install basic pressure and temperature sensors

Chemical Injection System
Skid

Select and fabricate water treatment pump system
Address deflection of secondary skid, drill secondary skid side
connection plates

PROJECT SCHEDULE
Assembly began the first week of January. The first task to be completed was mounting the pumps.
Following the pump mounting, both water tanks were lifted onto the skid. Then, the construction of the
piping network began with the cutting and threading of pipe. PG&E provided technicians to assist with
the first half of the pipe threading process. The mechanical assembly was completed by the end of April.
Testing was completed by the end of May, and the report was finalized to ensure easy and efficient
project continuation for next year‟s group.
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Table 2. Updated project schedule.
Project Schedule
January

Complete dimensioned pipe drawings, finalize
chemical addition tank selection

February

Mount cold water tank and hot water tank to
the skid, mount pumps, purchase chemical
addition tank

March

Start threading pipe (PG&E will assist with
threading), finalize Abaqus model of entire
skid with all assembled components

April

Specify and purchase pipe supports, complete
mechanical component assembly, receive
mechanical components for flow testing from
PG&E, Receive pressure regulators and tubing
from PG&E for valve tests

May

Perform flow tests (Pump cavitation,
appropriate flow rates, tank/drain fill time),
vortexing test, startup time test, test valves,
brainstorm potential training scenarios,
finalize report for easy project continuation
next year

June

Senior project expo, final project presentation

A Gantt chart with a detailed schedule can be found in Appendix C. This is working document which
was updated throughout the year to reflect to progress of the team.

MECHANICAL COMPONENT ASSEMBLY
Mechanical component assembly took place at Cal Poly outside of the Mustang „60 shop. The facility
was able to provide us with most of the required tools for assembly. Other tools and equipment needed
was provided by PG&E.
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Pump Base Plate Installation
Before installation of the pumps could occur, a rigid base plate needed to be installed (Figure 12). The
base plate provides the pumps with a rigid mounting location. The base plate was fabricated using ½
inch carbon steel, and was welded on the skid using the MIG welding process.

Figure 12. Baseplate for mounting the pumps and motor boxes.

Pump Mounting
The first task in the assembly of the piping network was to establish a fixed reference from which the
piping network could be built. The pumps were chosen as the fixed reference point from which the
entire piping network was constructed. The pumps were first positioned on the skid according to the
specified design, and were then precisely aligned to each other and the skid. This ensured that the piping
network would originate from a location which was parallel with the skid. Once the pumps were
positioned, the mounting holes were drilled using a magnetic base drill press (Figure 13) and the pumps
were bolted in place. The pumps were then shimmed to align the horizontal discharge faces. This was
done using a shim kit provided by PG&E and a straight edge. Once the pumps were aligned, shimmed,
and bolted in place, the piping process began.
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Figure 13. Magnetic base drill press being used to drill pump base holes.

Primary-Secondary Skid Connection
Before fabricating the piping network, the primary and secondary skid needed to be connected and
leveled. The two skids were connected using carbon steel plates and secured using galvanized steel bolts
(Figure 14). It was important that the skids were level before beginning the piping process. If the skids
are not level, the piping network will not go back together properly once the skids are reassembled.
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Figure 14. Primary/secondary skid connection plate.

Pipe Network Fabrication
PG&E provided a Rigid pipe threader (Figure 15) in order to allow the team to thread pipe at Mustang
„60. By having a pipe threader available, the team was able to proceed with the necessary piping at its
own pace. Upon commencing pipe threading, many issues began to surface. There were many factors
leading to issues in the pipe threading process including threading stainless steel pipe, large pipe diameter
(4” pipe), and inconsistent fittings.
The first of the complications was the fact that the piping network was constructed using 4” Schedule 40
stainless steel piping. While the threading machine was capable of accommodating 4” pipe, it was at the
outer limit of its capabilities. The stainless steel also presented its own problems. Stainless steel work
hardens which makes threading difficult, ultimately resulting in broken/dulled dies and broken cutting
attachments. It became clear that the team was operating the machine at its limit. Normally, while
threading pipe smaller than 4” or any softer material than stainless steel, the dies engage on the pipe and
machine guides itself through the rest of the cut in a single pass. However, when threading the 4”
stainless steel pipe, the threads needed to be cut using three passes at increasing depth and needed
manual force applied through each of the three passes. This triple pass process produced threads that
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were inconsistent because the thread depth had to be changed manually for each pass. Both PG&E‟s
machinists and the project team were not able to create consistent threads.

Figure 15. Rigid pipe threader provided by PG&E.

Another challenge faced was the inconsistencies in fittings provided to the team (Figure 16). Originally,
the team was optimistic that, even though there were numerous different brands of fittings, they would
all have similar thread characteristics. Early on it became clear that many of the fittings were very
different. While some of the fittings were stamped as National Pipe Threads (NPT), many of them were
not. The provided fittings were from many different suppliers and countries. When using threaded
joints as the connection points in a piping network, a consistent thread is crucial to the assembly. For a
4” NPT threaded connection, the threads should engage to a depth of one 1.125”. If the threads/fittings
are inconsistent, it is difficult to use pipe lengths from the drawings and all pipe lengths must be
calculated in the field. The inconsistent fit also compromises the seal of a joint. A fitting that bottoms
out on its threads will leak, as the taper in the pipe or fitting has not provided a tight enough seal to
become watertight. Because of inconsistencies in the threading process and the provided fittings, some
27

fittings would hand-thread in only 2 of the 6 threads while others would completely bottom out.
According to the Pipe Fitter‟s Handbook, a properly machined thread will thread in 3 threads by hand,
followed by another 2-3 threads with a wrench before becoming tight. Male threads should never
bottom out in a female fitting.

Figure 16. Tee fittings provided to this year's flow loop simulator team. Each row is a different brand of
fitting.
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Figure 17. A "tight" flange, which could only be threaded in approximately 2 out of the 6 threads before
becoming snug.
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Figure 18. A "loose" flange, which bottomed out on its threads while hand-tightening.

The difficulties of threaded connections presented the team with an important decision: whether
construction should continue with the supplied fittings or if the team should specify slip-on weld flanges
and butt welded joints. The advantages of welded joints are obvious: instead of threading each pipe, the
pipes mate consistently with the fittings and are welded in place. This allows great adjustability in the
length of each section, and saves time spent threading each end of the pipes. Also, lengths of pipe
sections are easily calculated in advance and pipes may be cut all at once. One of the reasons for
choosing threaded pipe connections was that it was estimated that it would wave time when compared to
welded connections. However, since three passes were required to thread the pipes, the time savings
over welding was negligible. The design team suggested that PG&E purchase new fittings to increase
project efficacy. PG&E decided to continue threading pipe using the supplied fittings and to seal weld
each joint on top of the threaded connections to prevent leaking.
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Initially, the team decided to work on a section of piping and then send it to PG&E to have it seal
welded. However, we found that working with sections of pipe whose fittings were permanent (seal
welded) was not conducive to constructing a piping network. If fittings were welded on at incorrect
angles, future connections would be impossible to make. For this reason, the team decided to complete
the construction of the piping network piece-by-piece before any more joints were welded. This allowed
changes in the section lengths, and greatly reduced the difficulty in constructing and leveling the piping
network.
One major difficulty the team was confronted with during construction was the variation in pipe section
lengths. Because some the fittings would thread on only 2 threads and others would bottom out, the
variance in section lengths between 2 fittings could be up to 2 inches. For this reason, it would have
been impossible to specify pipe lengths in advance and cut the pipes to length all at once before
assembly. To overcome this problem, the team proceeded with construction on a piece-by-piece basis,
measuring the length of each pipe based on its specific location. Detail drawings of each piece are
included in the report, but were referred to during the construction process only as general guide.
Another difficulty that the team encountered was that the supplied cutting attachment on the rigid pipe
threader quickly dulled and broke. The cutter was designed to handle galvanized and carbon steel, but
not stainless steel. Before breakings, the cutting attachment took approximately two minutes to cut a
section of pipe. Once the pipe cutting attachment broke, PG&E provided a portable band saw to cut the
pipe, but once again the blades were not designed for use on stainless steel. Often, blades lasted only one
cut before requiring replacement. Cutting a piece of pipe using the portable band saw took the team
approximately 15 minutes (not including the additional time necessary to replace saw blades). The team
tried other methods to speed up the pipe cutting process including using a chop saw and Mustang 60‟s
table band saw. Both of these methods had their issues as they were not the right tools for the task. The
proper way to cut the pipe (aside from the cutting attachment) would be to use a cutting blade on a die
grinder. Unfortunately the team did not have access to this tool or the proper cutting wheel attachment.
The piping process was the lengthiest task of the mechanical assembly, taking well over 200 man-hours
to complete. Much of the time was devoted to finding solutions to overcome issues with the piping
network fabrication process.

Air Operated Valve Mounting
The installation of the air operated valves presented a great challenge. Each valve/operator set weighs
approximately 150 lbs and are awkwardly shaped. A rigging system was necessary to raise each of the
valves off the ground. Once the valves were at the correct elevation, they were mated to their respective
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flanges. The valves created an overhung load on the pump that needed to be relieved before any further
piping was to take place. A rigging system was used to level the valves and alleviate the stress on the
motor discharges. One the pipe manifold was level, a two inch carbon steel square tube was welded in
place to support the valves/pipe network (Figure 19) because pipe supports had yet to be delivered to
Mustang „60. The makeshift pipe support alleviated the stress on the pumps and allowed the team to
continue with the threading/assembly process.

Figure 19. Pipe support made from square tubing welded to the skid to support the piping branch
which includes the heavy air operated valves.
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Seal Welding
Once the piping network was completely assembled, the joints were tacked in place using the TIG
welding process. The tack welds allowed the team to disassemble the piping network without deforming
it. This is necessary because the piping needs to be disassembled, transported and reassembled. If the
joints were free to move, the piping network would need to be realigned and leveled before final seal
welding. The final seal welding is to be done by PG&E

Pipe Supports
At this point, the piping network was held in place by its rigid connection points (pumps, tanks, heat
exchanger), and adjustable straps. The next step in the construction process was to fabricate the pipe
hanger supports. After specifying the pipe hangers to be used, the locations of the pipe hangers were
determined based on the static loading of the piping network as well as transportation of the separated
skids. Since separating the skids results in disconnecting the major supporting points (hot and cold
tanks), it was crucial that the piping network would be able to remain supported even when the primary
and secondary skids were disconnected for transportation. An important aspect of the pipe hanger
locations is that when the skids are disconnected, any pipe that remains with the secondary skid must be
supported by the secondary skid. Once these locations were determined, the hanger rods were welded to
the hangers and were cut to length. The hangers were then welded to the skid while the piping network
was supported by other means. The temporary supports were then removed and the weight of the piping
network was let down on the hangers.

Motor Box Installation
Once the location of the pumps was finalized, the motor boxes could be welded to the base plate of the
skid. The location of the motor boxes is important because the shafts of the motor and pump need to be
properly aligned. There is some play in the connection because the motor and pump are adjustable
approximately 1/16 of an inch in each direction. The motor is connected to the pump by using a soft
coupler (Figure 20). The soft coupler allows for minor variations in pump/motor alignment. If the pump
and motor are not properly aligned, excessive vibration and early component failure may occur. The
location of the motor box was determined by rotating a straight edge around the two shafts. Once the
shafts were roughly aligned, the motor boxes were welded into place (Figure 21). PG&E is responsible
for final laser alignment of the pump/motor connection.
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Figure 20. Rubber coupler for attaching the motor to the pump.

Figure 21. Motor mount boxes were welded directly to the pump base plate.
34

Heat Exchanger Attachment and Flooding
Before water can run through the loops the heat exchanger needs


Proper attachment to the skid



Water boxes attached and seals checked



Flushing of both the tube and shell sides

Last year‟s system team noted that one of the U-Bolts was bent and that it needed to be fixed before
reattaching the heat exchanger to the skid. The U-Bolt was fixed in the Cal Poly shop and the team
attached the heat exchanger to the skid (Figure 22).

Figure 22. U-bolt used for connecting the shell and tube heat exchanger to the secondary skid.

The water boxes are sealed using an O-Ring and a rubber gasket. The team was not provided with
enough rubber gasket material or the proper glue to create a satisfactory gasket. This issue will need to
be addressed before the flow loop simulator is commissioned.
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The heat exchanger needed to be flushed on both the tube and shell side to remove any foreign material
that may have accumulated over the past year and a half. The heat exchanger was subjected to a
preliminary flushing by filling it with water and allowing it to flow out. Once the pumps are wired and
capable of being run, the heat exchanger needs to be flushed using the pumps. One of the water boxes
will need to be removed in order to flush the tube side. The higher flow rate created by the systems‟
pumps will remove any foreign material that the first flushing missed.

To-Do List


Seal weld all joints in the pipe network



Purchase and install immersion heaters



Purchase and install pressure sensors, temperature sensors, and flow meter



Design heat rejection system mounting method (to be installed at the human learning center)



Purchase radiators and associated components



Provide instrument air to air operated valves



Provide starter boxes for the motors



Install the chemical addition system



Purchase and install controller



Carry out testing per the design verification plan (Table 5)

ANALYSIS
The following sections provide the detailed analysis and design of each subsystem/component in the
system.

KEY COMPONENTS
The flow loop simulator requires numerous components for it to function properly. These components
are items that would be found in a typical thermal/fluid system. While the size of most of the
components is much smaller than those found in the actual power plant, they are very similar in nature.
The operating and maintenance procedures of the components selected for the flow loop simulator
closely match those of the components found in the plant.
The crucial components are:
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Skid
o Frame that supports the tanks, piping network, and pumps



Piping
o 4” stainless steel threaded piping



Valves
o Air operated (AOV)
o Check
o Butterfly
o Gate



Immersion heaters



Sensors
o Pressure transducers
o Temperature sensors
o Flow meters



Tanks
o Hot


Stainless steel



Flange connections for immersion heaters, pipe connections, and
instrumentation

o Cold


Plastic construction



Threaded connections for pipe connections



Secured to the skid using stainless steel cables

o Chemical Addition



Stainless steel sanitary grade

Heat exchangers
o Shell and tube
o Air to water



Pumps
o Metering (positive displacement: diaphragm style)
o Centrifugal



Controller
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o This year‟s design team will not specify a controller

SKID
One concern brought up by the previous team was the structural integrity of the skid after the system
has been completely assembled. The two tanks, piping network, pumps, heat exchanger, and other
components have a combined weight about 6,000 lbs (this estimate does not include any water). In order
to verify the structural integrity of the skid while being transported (i.e. lifted by a forklift), an FEA
analysis was performed using Abaqus/CAE. The analysis modeled the skid as beam members, which,
while more difficult, is more accurate than modeling it as a truss system. In addition to the FEA analysis,
the results were verified using hand calculations.
A two dimensional model was constructed using the weight of the empty tanks as the loading conditions.
The forklift placements were modeled as pinned connections and the skid members were modeled as
beam elements.
After running the simulation, both the maximum Von Mises stress and the resultant deflection were
found to be within safe working conditions. Comparing the maximum stresses with the yield strength of
AISI 1020 steel, the primary skid will be safe for transportation and relocation using a forklift with a
large factor of safety. FEA model results can be found in Appendix D.

PIPING/VALVES
The flow loop simulator uses 4” IPS stainless steel threaded piping throughout both loops to replicate
similar pipe type & sizes encountered in the actual plant. Threaded joints were chosen over welded joints
because PG&E estimated that the threading process (including manufacture and construction) would
take less time than welding. A rigid pipe threading machine was provided by PG&E and delivered to Cal
Poly, where the team began threading pipe. Due to the amount of pipe that needed to be threaded,
PG&E agreed to provide assistance in the pipe threading process until April 1. Pipe drawings detailing
the cut length and fitting specifications can be found in Table 9.
The required flow rate of 200 gpm must be maintained at steady state while the simulator is running.
Various types of valves will be used to regulate the flow of water in both the hot and cold loops. The
various types of valves and a brief description of their purpose can be found in Table 3. To
accommodate varying pipe sizing, pipe reducers will be used to simplify the interconnection of various
pipe diameters.
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Table 3. Description of various valves and their function.
Valve Type

Function

Control

Air-operated valves (AOV‟s) that provide control of both fluid
pressure and flow rate.

Butterfly

Manual valve that is used for isolating flow from certain branches.

Check

Self-activating valves which only allow flow in one direction.
Prevents fluid from back-flowing into pumps.

Gate

Manually operated valve used for regulating flow rate/path.

Figure 23. Air operated flow control valve (AOV).
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Figure 24. Butterfly valve.

Figure 25. Check valve.
40

Figure 26. Gate Valve.

In addition to providing a reasonable tank drain/fill time, the 200 gpm flowrate will also provide a water
velocity in the pipes that is within the economic range of 4.9 to 7.9 ft/s.
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When a piping network is designed, it is important to ensure the pipes are properly supported. The pipe
support system must be capable of many things: supporting static loads (pipe and component weight),
supporting dynamic loads (seismic and flow), and accommodating thermal expansion. The pipe support
system must have a balance between functionality and cost. It is important that the support system
withstand worst case scenario loading (seismic).
Typically, three types of pipe supports are used to accomplish these goals: rigid supports, spring
supports, and snubbers. Each style of pipe support is discussed in detail below.

Rigid
Rigid pipe supports are the most common pipe supports used in industry and are also the most simple.
They are designed to carry the static weight of the pipe network, and may also be used to prevent lateral
movement of pipes. One common style of rigid pipe support is the round hanger. Round hangers are
easy to install, relatively inexpensive, and versatile.
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Figure 27. Common round-style pipe hanger.

Spring
Spring pipe supports are used to allow motion of the pipes in predetermined directions. Spring supports
are commonly used in conjunction with snubbers (described below). The spring supports allow for
movement of the piping system in the case of dynamic loading of the system while snubbers are used to
dampen the motion. Spring supports are important because if a system experiences a dynamic load but is
held rigid, it can be subjected to fatigue stress failure. Fittings, welds and even rigid pipe supports can
break if such a situation occurs. One common example of a dynamic load is an earthquake.
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Figure 28. Spring pipe supports.

Snubbers
Snubbers are mechanical restraining devices that dampen pipe movement during dynamic loading
conditions. During a dynamic loading event, the piping must be restrained, yet free to vibrate
independently from the surrounding structures. A cross section of a PSA mechanical snubber is
provided in Figure 29. The snubber has two telescoping members that are connected between the pipe
and the fixed structure. The PSA operates based on the principle of limited acceleration.

44

Figure 29. Detailed drawing of a PSA mechanical snubber.

i.

The collar with internal threads is connected by two rods to the rear portion of the arrestor that
acts as the outer part of the telescoping assembly.

ii.

A threaded shaft attached to a torque transfer drum passes through the threaded collar. This
assembly forms the rotating portion of the snubber attached to the inner telescoping assembly
contained within the large cylinder on the forward end.

iii.

As the telescoping assembly is pushed together or pulled apart, the stem turns in the threaded
collar causing the torque transfer drum to rotate.

iv.

The rotational motion of the torque transfer drum is passed to an inertia mass through a resilient
capstan spring.

v.

If the rate of acceleration is sufficient, the inertial mass generates a twisting force on the capstan
spring causing it to tighten onto the inner telescoping cylinder and apply a braking force to limit
the rate of acceleration.

Selected Pipe Support Design
The primary pipe supports used in the final design are circular rigid pipe supports with 1/2 inch carbon
steel hanger rods which are welded to the skid. Rigid pipe supports were selected because they are
inexpensive and meet loading requirements. The rigid supports will be used to carry the static loading of
the pipe network. They will ensure excessive loads are not applied to pump inlets/outlets, tank flanges,
and heat exchanger flanges. This is especially important in the case of the centrifugal pumps, which are
not designed to be load bearing. Applying a load to the inlet/outlet of a centrifugal pump may make it
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difficult to align and imparts excess stress on the pump volute. This can lead to excessive pump/motor
vibration ultimately leading to premature component failure.

Figure 30. Round pipe support used to support the piping network.
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Figure 31. Close-up view of rigid pipe supports (shown in black).
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Figure 32. Close-up view of rigid pipe supports (shown in black).

Static Loading on Pipe
The static loads dictated the number of rigid pipe hangers needed, while typical industry standard is to
use a pipe hanger for every change of direction in the piping system. The total weight of the piping
network was used to determine whether or not the proposed pipe hanger design was feasible. It is
important to consider the weight of the pipe when it is full of water. Not accounting for the water
weight will lead to an under design of the pipe hangers. Below is a table estimating the total weight of the
piping system. Some assumptions were made to make the analysis more straight forward, but were made
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conservatively. For instance, every elbow, tee, check valve, gate valve, and air operated valve were
assumed to be able to hold a one foot long by four inch cylinder of water. However, the average tee used
in the design is between seven and eight inches long and the elbows are even shorter. This will provide
an overestimation of the hanging weight.
Table 4. Total hanging load of the piping network.
Amount

Weight/Unit
(lb)

Total Weight
(lb)

80.13

10.8 lb/ft

4" Check Valve

3

100

865.4
300

4" Butterfly Valve

9

30

270

4" Air Operated Valve

2

200

400

4" Gate Valves

5

119

595

4" Elbows

21

10

210

4" Tees

14

15

210

4" Flanges
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10

550

10.92

62.4

681.4

Component
4"Stainless Pipe SCHD 40 (1ft)

Water Weight (1 cubic ft) (see assumptions)

4082

The following is a calculation to see if the hanging load can be supported by the proposed pipe hanger
system. It is assumed that the horizontal pipe hanger will carry no load, and the seven vertical pipe
hangers will carry the entire load. Once again this is a conservative estimate, but appropriate for analysis
purposes. The actual stress within the pipe support system will be compared with the yield stress for
carbon steel (σyield= 30,000 psi). As long as the stress within the supports is less than the stress developed
by the weight of the piping network, the proposed design will be sufficient in an axial loading situation.
The diameter of the rods used in the pipe hangers is 1/2 of an inch.

Recall:
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Since σ is much less than σyield, there is no concern that the pipe support system will fail do to static
loading. This design is a conservative and sufficient estimate of maximum loading experienced by the
pipe hangers. In reality, additional support will be provided by the horizontal pipe supports as well as
tank inlets/outlets. The heat exchanger will also provide additional support to the piping network.

IMMERSION HEATERS
In order for heat transfer to occur between the hot and cold loop, heat must be added to the hot loop.
This will be done via immersion heaters located in the stainless steel hot water tank. The system requires
140°F water in order to operate at steady state. Using the first law of thermodynamics, the heat transfer
rate required to operate the system at steady state is:

Where:

Instead of using one high-capacity heater, the system will use multiple smaller-sized heaters. This allows
more precise control of the amount of heat that is being added to the system. 10” flanged 60 kW
Chromolox immersion heaters were selected by PG&E for this purpose. These heaters run on a standard
480 V power source, which is available in the Human Performance Center. The system will use five 60
kW immersion heaters for a total heating capacity of 300 kW, or 1,024,000 Btu/hr. Should additional
capacity be required, Chromolox supplies heaters with greater capacity that also utilize a 10” flange.
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Figure 33. Chromolox immersion heater.

THERMAL EXPANSION
Thermal expansion is an important item to consider when designing a piping network. If thermal
expansion is an issue, expansion joints need to be specified and installed in the system. Expansion joints
allow for the piping network to expand and contract freely so additional stresses do not build up in the
pipes. Thermal expansion is typically an issue in systems where there are high temperature changes
(refineries, steam piping, exhaust from gas turbines), or where there are long runs of pipe/metal
(railroads, gas distribution systems). Since the difference between ambient temperature (60°F) and
operating temperature (150°F) is moderate, thermal expansion was analyzed to see if it would be an
issue.
Below is a calculation of the thermal expansion of the longest run of pipe on the primary/secondary skid
(68 inches) as well as the longest run of pipe in the heat rejection system (480 inches). All calculations
were done assuming stainless steel is used as the primary metal. If the pipe for the heat rejection system
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is specified as carbon steel, the following results will produce a conservative estimate of thermal
expansion, since the thermal expansion coefficient for stainless steel is higher than carbon steel.

Thermal Expansion Case 1
Longest pipe on primary skid

Thermal expansion coefficient of stainless steel

Thermal expansion from 60°F (15.6°C) to 150°F (65.6°C)

Thermal Expansion Case 2
Longest run of pipe on heat rejection system

Thermal expansion from 60°F (15.6°C) to 150°F (65.6°C)

(65.6°C – 15.6°C)

Recommendations
For the primary skid case, the largest deflection is 0.059 inches. This expansion can be easily taken up by
the rigid pipe support system. This number is also a conservative value for thermal expansion, because
the system will be sized at a higher temperature than 60°F (closer to 70°F) and the hot temperature for
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the system is specified as 140°F (not 150°F). The purpose for using a wider temperature range is to
produce a conservative estimate.
For the heat rejection system, the largest deflection is 0.42 inches. To take up this amount of thermal
expansion it is recommended that an expansion joint be installed in the two water headers that supply
the radiators. An expansion joint will prevent the expansion of the pipe from affecting radiator spacing
or adding additional stress within the pipe supports. A typical expansion joint used in moderate pressure
and temperature applications is a spherical rubber expansion joint. These joints allow for axial, off-axis,
and angular movement. Mercer Rubber Company makes a spherical expansion joint that is ideal for this
application. It is a Series 450 Flexmore joint type and will provide sufficient axial movement.

Figure 34. Spherical rubber expansion joint.
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CHEMICAL ADDITION SYSTEM
To reduce corrosion and prevent microbial growth, chemicals need to be introduced to the system.
Chemicals will be manually added to the chemical addition tank, and then supplied to the system using a
positive displacement pump.
An 80 gallon stainless steel tank, McMaster Carr, Part No. 3772K64, was selected. The pump, in
conjunction with a variety of valves, will be used to add the chemicals to both the hot and cold loops. If
a positive displacement pump tries to pump fluid against a closed valve, damage to the pump and system
may occur. For this reason, a pressure relief valve needs to be placed at the outlet of the pump. This will
allow the system to bleed pressure before damage occurs. After exiting the pump, the flow will then split
into two branches using a tee, followed by hand operated globe valves. The chemicals can thus be
directed to either of the loops using these valves. A schematic representation of this system is included in
Appendix F.
Note: It is important that chlorine is not used in the system. High concentrations of chlorine, especially
at elevated temperatures, are corrosive to stainless steel.

HOT WATER TANK
The hot water tank has been designed, specified, and ordered from Modern Industrial Fabrication. It is
made from 3/16” stainless steel plate and has a 1465 gallon capacity. The tank has flanges for pipe
connections, immersion heaters and instrumentation and is vented to atmosphere. This eliminates the
need to design and build a pressure vessel, which is much more costly than an atmospheric tank. The
tank was designed and fabricated by Modern Industrial Fabrication, and was verified by team members.
The detail designs for the tank can be found in Appendix G.
Note: 3/16” plate was selected instead of a lighter gauge steel because the stainless steel tank is being
used to support the immersion heaters. If there were no immersion heaters a much thinner gauge would
have been appropriate.

PUMPS
The pumps were sized and selected based on the design flowrate of 200 gpm, the system pressure drop,
and the available net positive suction head (NPSHA). Net positive suction head required (NPSHR) is a
characteristic of any pump, and does not change for a specific operating point. To avoid cavitation, the
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NPSHA must be greater than the NPSHR. If the NPSHA drops below the NPSHR, the pressure at the
inlet of the pump drops below the vapor pressure of the fluid, which creates pockets of evaporated fluid
(bubbles). When these pockets hit the blades of the pump, they burst, releasing all their energy in the
form of sound, which sound much like marbles hitting the blades of the pump. This damages the pump
and causes premature wear. To ensure that this will not happen in the system, the NPSHA is calculated
and compared to the NPSHR, which is 4.5 ft.

Figure 35. Schematic of tank and pump expected operating point.

Available net positive suction head calculation (see Appendix H for detailed EES calculation)
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The first term in the NPSHA calculation is the pressure provided by the water level being above the tank
inlet, the hydrostatic pressure. Because the pump inlet is below the tank level, the pressure at the inlet of
the pump is higher than it is at the level in the tank. This pressure increase is what gives the system the
large NPSHA.
The system contains three pumps. One pump is dedicated to the hot loop, one pump is dedicated to the
cold loop, and one pump is piped in parallel with these pumps. The third pump is redundant, and allows
each loop to use either its dedicated pump, or the redundant pump, with only two pumps ever operating
at the same time. This system redundancy is common to the nuclear power industry and gives operators
an opportunity to perform a common plant procedure. In addition, if one pump goes out of service, the
system will still be able to operate using the redundant pump.

Pump/Motor Connection
Although the pumps and motors have been roughly aligned, a precise alignment is still required. Pump
and motor shafts are aligned using either a micrometer or a laser alignment system. Since the supplied
pump/motor utilizes a soft rubber coupling, alignment needs to be close, but not exact and must adhere
to the couplings‟ installation tolerance as provided by the manufacturer. If the pump and motor are not
aligned it can lead to:


Excessive Vibration



Pump/Motor binding



Reduced bearing life



Premature coupling failure
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Figure 36. Aligning a pump/motor using a micrometer.

HEAT REJECTION SYSTEM
In order to operate the system at steady state, the heat added to the cold loop must be rejected to the
environment. This part of the flow loop simulator is analogous to the cooling systems in power plants.
At DCPP, cold seawater is used to condense the steam after it exits the turbines, so the plant can operate
at steady state. The immersion heaters in the hot water tank will be adding 1,000,000 Btu/hr to the hot
water loop. Assuming that all of this heat is then transferred to the cold loop via the shell and tube heat
exchanger, the outlet temperature of the cold loop from the heat exchanger can be calculated using the
first law of thermodynamics:
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The cold loop water will enter the shell and tube heat exchanger at 115°F and will exit at 125°F. This
means that the heat rejection system must take 200 gpm of 125°F water and take the temperature back
down to 115°F before returning it to the cold tank.
After extensive design work, a heat rejection system consisting of 20 air-to-water heat exchangers
(radiators) was selected. The radiators will be situated in a system of 10 parallel branches with 2 radiators
in each branch. The tests on the radiators were performed under various conditions, and it was
concluded that in order for the system to function reliably at steady state, the optional fans will be
included with the radiators. Using fans increases the heat transfer rate from the system considerably, and
ensures that the system will still be able to operate at steady state under a variety of adverse conditions,
including warmer-than-average days. Results from the radiator testing are included in Appendix I.
The radiator system will be placed on the roof of the Human Performance Center, which is the building
that the flow loop simulator will be located in. Originally, the plan was to place the radiator system
directly next to the building. However, this was planned around the system only having 1 radiator per
branch. The revised system contains 2 radiators per branch, and would take up too much of the sidewalk
space next to the Human Performance Center building. The entire heat rejection system will span about
40 feet and will be approximately 5 feet wide. The headers which will transport the water from the flow
loop to the roof will be the same 4” stainless steel pipe. From the inlet header, UV resistant rubber hose
will run the water to the first set of 10 radiators, across to the second set, and then to the outlet header,
which will join the Flow Loop system back inside.
The layout of the radiators (Figure 37) was chosen carefully in order to minimize any difference in
pressure drop between any of the 10 branches. A solid model of the layout is shown below in Figure 38.
Analysis of this system was done using EES and is shown in detail in Appendix I.

Figure 37. Basic schematic of radiator system layout theory.
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Figure 38. Solid model of the radiator system.

The heat rejection system, while designed in its entirety, was not constructed due to size constraints at
Cal Poly. Also, there is no need for the heat rejection system to be completely assembled until the system
is pumping water through both loops and the immersion heaters are supplying heat to the hot loop,
neither of which is attainable at Cal Poly due to facility constraints. The piping branch that exits the cold
side of the shell and tube heat exchanger will eventually need to be piped to include the fitting which
directs the flow to the heat rejection system. Since this year‟s team had not received the equipment for
the heat rejection system, the branch that directs the flow to the heat rejection system was replaced with
one run of pipe. Detailed drawings showing the actual system and the final design are shown below.
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Figure 39. Actual manufactured outlet of the cold side heat exchanger, excluding the valve to direct the
flow to the heat rejection system.
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Figure 40. Designed outlet of cold side heat exchanger including the componentry necessary to divert
flow to the heat rejection system.

DESIGN VERIFICATION
Once the mechanical components were assembled and installed on the skid, testing of the mechanical
system began. In order to perform the majority of these tests, it was necessary for PG&E to supply the
necessary components for testing to take place. Required components included pressure regulators and
tubing to test the valves and starter box with wire for the electric motors. Below is a detailed description
of each test:


Pump Cavitation: For this test, the gate valve on the pump inlet side will slowly be closed to see
if pump cavitation occurs. Pump cavitation is not desired in normal operation of the system and
will be used as one of the training scenarios for the PG&E maintenance trainees.
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Flow Rate: Flow rate will be measured by running the pumps and measuring the flow rate of the
water through a pipe with a flow meter installed in the system. The flow meter will be provided
by PG&E. To aid in the calibration of the AOV‟s, an EES program calculating the flowrate as a
function of control valve position was used to obtain the calibration curve (Appendix J). This
curve is an approximation based on theoretical analysis, and should only be used to obtain broad
estimates for the desired flow control valve position. The desired flow of the system is 200 gpm.



Drain/Fill Time: The tank drain/fill time is very similar to the flow rate experiment. This
experiment will be performed for both tanks by valving water from hot water tank to the cold
water tank and vice versa. The tank will be completely drained, and the time recorded. After the
tank is drained, water will be valved from the other tank, and the time to fill the tank will be
recorded. The desired tank fill/drain time is approximately 5 minutes.



Pipe Leak Testing: Water is run through each piping section of the system and visually checked
for leaks. If any leaks are found, the joint will be seal welded an additional time.



Start-Up Time Testing
o Time to Heat Water to 140°F: Measure the time it takes after turning on the immersion
heaters in the hot water tank for the water in the hot water tank to reach 140°F.


The start-up time test will need to be performed at the learning center. In the
case that the specified heaters are undersized, the flanges on the hot tank are
designed to accommodate larger heaters.

o Steady-State Temperature for Cold Loop: Measure the time it takes for the cold loop to
reach the desired steady-state temperature of 125°F.


Vortex Test: Vortexing is another feature the system needs to achieve so it can be used as one of
the training scenarios for PG&E trainees. Only one pump in the system will be run and the tank
level will be drained. As the level is lowered it is expected that at some point the water will begin
to vortex akin to water draining from a bathtub. The ultimate goal of the system is to ensure that
vortexing does not occur when at steady state. Vortexing will be used only as a training scenario.



Test/Calibrate Valves: In order for control valves to properly control flow they must first be
properly calibrated. Required components:
o High Pressure Air Supply


Greater than 100 psi

o Pressure Regulator


Allows control between 0 and 15 psi (signal air)

o Poly tubing to provide air to the valve
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o The ultimate goal of the test is to ensure that when a 0 psi signal is applied to the AOV
the plug is completely closed and when 15 psi signal is applied the valve is completely
open. If for some reason this is not the case the nut on the stem will need to be properly
adjusted. It is important to note that this test may be run when the valves are not in
place. No water is required, only an air supply.


Radiator Layout Test: The team will connect all 20 radiators corresponding to the design layout,
run water through the subsystem, and record inlet and outlet temperatures. This is also a test
that will need to happen at the PG&E learning center. This test will be run by next year‟s design
team.



Skid Deflection Test: Use a forklift to pick up the primary skid containing all the mechanical
components to confirm skid and its components stability. Additionally, this test will be
conducted for the secondary skid as well. This is a visual test that will be used to help verify the
FEA.



Pressure and Temperature Tests: These two tests will be done for any test performed when
running the system with water. Pressure gages and temperature indicators are used to take
measurements. Pressure and temperature tests are used to confirm safe operating parameters.
The pressure of the hot and cold loops is not to exceed 100 psig. The temperature of any point
in the system is never to exceed 140°F.

The above tests are summarized below in the Design Verification Plan (Table 5).
While it was originally planned to perform all of these tests at Cal Poly with the assistance of PG&E,
extenuating circumstances prevented the team‟s ability to perform the majority of these tests. Any tests
involving the pumping of water is to be completed by PG&E or a subsequent senior project team.
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Table 5. Design Verification Plan.
Date: January 11, 2011

Sponsor: PG&E

Component/Assembly: Flow Loop Simulator

TEST PLAN
Item
No.

Specification or
Clause
Reference

Test Description

Acceptance
Criteria

Test
Responsibility

Test
Stage

SAMPLES
TESTED

TIMING

Qty.

Type

Start date

Finish date

1

Appropriate
Sound Levels

Decibel Test

85 dB

PG&E

Prototype

1

C

5/15/2011

5/15/2011

2

Appropriate Skid
Deflection

Fork Lift Test

1" < δ < 2"

Cal Poly

Prototype

1

B

1/28/2011

1/28/2011

3

Pump Cavitation

Flow Test

No Cavitation

PG&E

Prototype

3

C

4/21/2011

4/25/2011

4

Tank Drain/Fill
time

Flow Test

5 < t < 10 min.

PG&E

Prototype

2

C

3/28/2011

3/29/2011

5

Required Heat
Transfer

Heat Transfer Test

1,000,000 Btu/hr

PG&E

Prototype

1

B

4/22/2011

4/26/2011

6

Seismic Safe

Professional
Inspection

PG&E

PG&E

Prototype

B

4/28/2011

5/2/2011

7

Fits through door

Skid Dimensions

8' w x 10' h

John

Prototype

1

C

4/28/2011

5/2/2011

8

Safe operating
temperatures

Temperature Sensors

140°F

PG&E

Prototype

1

C

4/18/2011

4/19/2011

9

Safe air operating
pressures

Pressure Gauges

100 psig

PG&E

Prototype

1

C

4/20/2011

4/20/2011

10

Operates on
available utilities

Full Scale Test

Breaker Trip

PG&E

Prototype

2

C

1/20/2011

2/1/2011

11

Appropriate flow
rates

Flow Test

200 gpm

PG&E

Prototype

1

C

4/22/2011

4/22/2011

12

Valves

Mechanical Operation

Open/Close
Easily

PG&E

Prototype

24

C

3/28/2011

3/29/2011
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COST
While last year‟s team did procure some of the components including the cold water tank, shell and tube
heat exchanger, pumps, valves, pipe fittings, and flanges, there was still a considerable amount of
materials left to specify and procure. Some of these items included the hot water tank, the rest of the
radiators, chemical addition tank, pressure and temperature sensors, radiator system hose, and other
miscellaneous hardware.
Table 6. Bill of materials including all materials that need to be purchased for this year's team.
Item

Company

Description
Water to Air Heat
Exchanger

Qty.

Unit Cost

Total Cost

18

$249.99

$4,499.82

Radiator

Alternative Heating

Hose

Plumbing World

Braided, reinforced
PVC tubing

100

$8.86

$886.00

Hose Clamps

Plumbing World

Worm drive, no-slip
screw

40

$1.54

$61.60

Chemical Addition Tank

McMaster-Carr

1" OD Drain, 304
Stainless

1

$2,061.28

$2,061.28

Resistance Temperature
Detector

Omega

1/4 NPT

7

$64.00

$448.00

Pressure Transducer

Omega

1/4 NPT

12

$215.00

$2,580.00

Snubber

Omega

1/4 NPT

16

$12.75

$204.00

Wet/Wet Pressure
Transducer

Omega

4 to 20 mA output, 6
ft. cable

2

$840.00

$1,680.00

Sight Glass Valving

McMaster-Carr

Type 316 Stainless

1

$522.73

$522.73

Sight Glass Tube

McMaster-Carr

Standard, 48" Length

1

$42.04

$42.04

Sight Glass Guard

McMaster-Carr

Type 303 Stainless

1

$131.12

$131.12

Pressure Gauge

Omega

1/4 NPT

10

$18.00

$180.00

Total:
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$13,296.59

APPENDIX A

Figure 41. Piping schematic of the flow loop simulator.
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Figure 42. Process and instrumentation schematic of the system. Credit: Tyler Ista, Kevin Rehm, and Matt Starbuck
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Figure 43. Piping schematic legend. Credit: Tyler Ista, Kevin Rehm, Matt Starbuck
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Figure 44. Schematic of PG&E's current flow loop simulator.

69

Figure 45. Schematic of Cooper Union nuclear plant's flow loop simulator.
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APPENDIX B
Table 7. Engineering specification list, along with the tolerance, risk, and compliance of each
specification. The compliance column refers to how each specification with me quantified: A - Analysis,
T - Test, I - Inspection, S - Similarity to Existing Designs.
Requirement or Target
(Units)

Tolerance

Percentage Working Properly

95%

2

Skid Size

3

Spec #

Parameter Description

Risk

Compliance

1

± 2.5%

M

Analysis

8' wide x 10' high

Max

L

Inspection

Working Fluid

Water

Target

L

A

4

Number of Loops

2

Target

L

A

5

Ability to Vortex

Yes

Target

H

Test

6

Cavitation

Yes

Target

M

T

7

Ability to Void

Yes

Target

M

T

8

Hot Loop Max Temp

140°F

Max

M

T

9

Max Pressure

110 psi

Max

H

T

10

Pumps

3

Target

L

A

11

Number of Tanks

2

Target

L

A

12

Tank Size

1250 gal

± 250 gal

L

A

13

Volumetric flowrate

200 gpm

± 25 gpm

M

A,T

14

Pipe Diameter

4 in

Target

L

A

15

Heat Exchanger(s)

Yes

Target

L

A

16

Radiator(s)

Yes

Target

L

A

17

Seismic Safe

Yes

Target

H

A,T,I,S

18

Chemical Addition Tank

Yes

Target

M

A,S

19

Metering Pump

Yes

Target

L

A

20

Valves

Yes

Target

M

A,I

21

Temperature Sensors

At every property change

Target

M

A,T

22

Pressure Sensors

At every property change

Target

M

A,T

23

Available Power Source

480 VAC

Target

M

S

24

Compressed Air Source

110 psi

Max

L

S
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Table 8. This table outlines PG&E's Design Requirements, and the engineering specifications assigned
to each requirement.
Design Requirements
Safe to operate
Accurately replicates actual
components of the power plant
Performs at the appropriate flow
rate
Appropriate redundancy
Experiments and procedures are
repeatable
The skid must fit through the plant
door
Replicates common plant
procedures/problems
Seismic Safe
Easily assessable for plant
component maintenance and
operation
Operates on available utilities
Limited thermal impact on
surrounding environment
No special permits needed for
transportation

Engineering Requirements
Maximum temperature is 140°F, maximum pressure (air and water)
is 110 psi
Three centrifugal pumps, 4” pipe diameter, shell and tube heat
exchanger, radiators, chemical addition tank, metering pump,
valves, temperature and pressure sensors, and water is the working
fluid
Volumetric flow rate is 200 gpm
Three pumps, only two pumps are necessary for operation
Ability to vortex, cavitate/void/vibrate pumps
Skid size is 8 ft. wide X 10 ft. high, ~1500 gallon tanks, and
appropriate heat exchanger size
Two loops, three centrifugal pumps, 4” pipe diameter, shell and
tube heat exchanger, radiators, chemical addition tank, metering
pump, valves, temperature and pressure sensors, water is the
working fluid, ability to vortex, cavitate/void/vibrate pumps, and
volumetric flow rate is 200 gpm
Adheres to seismic requirements provided by PG&E
Skid size is 8 ft. wide X 10 ft. high, schematic design layout
considers ergonomics
Operates on 480 VAC power source, and uses 110 psi compressed
air
Radiators used for heat rejection
Skid size is 8 ft. wide X 10 ft. high
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APPENDIX C
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APPENDIX D

Figure 46. Resultant Von Mises stresses from FEA analysis of the primary skid.

Figure 47. Resulting deflections from FEA analysis of primary skid.
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APPENDIX E
21

15.26

Elbow

Flange

1

22

75.70

Flange

Elbow

1

23

8.69

Tee - Thru

Flange

1

24

17.25

Flange

Elbow

1

25

61.08

Elbow

Elbow

1

26

14.00

Elbow

Flange

1

27

17.99

Elbow

Tee - Thru

1

28

3.07

Tee - Thru

Elbow

1

29

12.11

Elbow

Elbow

1

30

4.56

Elbow

Tee - Thru

1

31

18.53

Tee Branch

Flange

32

18.34

Flange

Elbow

1

33

4.19

Elbow

Tee - Branch

1

34

17.12

Tee - Thru

Flange

1

35

37.02

Flange

Elbow

1

1

36

6.28

Elbow

Elbow

1
1

Quantity

Downstream
Fitting

Upstream
Fitting

L (in)

Pipe No.

Table 9. Specifications for pipe lengths and fittings.

1

48.42

Elbow

Tee - Thru

1

2

6.22

Tee - Thru

Flange

1

3

6.22

Flange

Tee - Thru

1

4

6.22

Flange

Tee - Thru

1

5

6.22

Tee - Thru

Flange

1

6

22.69

Tee - Thru

Tee - Thru

1

7

7.19

Flange

Tee - Thru

1

8

7.19

Elbow

Flange

1

15.63

Tee Branch

Flange

9

2

1

10

11.14

Flange

Flange

11

38.52

Tee Branch

Flange

12

4.75

3-4

Flange

3

37

44.25

Elbow

Tee - Thru

13

4.75

Flange

Elbow

3

38

18.34

Flange

14

6.03

Elbow

Flange

2

Tee Branch

15

6.03

Flange

Tee - Thru

1

39

18.34

Flange

Elbow

1

16

17.25

Elbow

Tee - Branch

1

40

16.63

Elbow

Tee - Branch

1

17

13.58

Tee - Thru

Flange

1

41

14.68

Tee - Thru

Flange

1

18

13.58

Tee - Thru

Flange

1

42

7.19

Elbow

Flange

1

7.19

Flange

Elbow

19

6.09

Tee Branch

43

Flange

1

44

15.16

Elbow

Tee - Branch

1

20

36.25

Elbow

Elbow

2

4
1
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1

Figure 48. Schematic of example pipe measurement specification. Lengths specified in Table 9 are from
the inside edge of each thread.

Figure 49. Definition of thru and branch flow through a tee.
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APPENDIX F

Figure 50. Schematic representation of chemical addition system.
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APPENDIX G

Figure 51. Detail design of stainless steel hot tank.
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APPENDIX H
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Figure 52. EES code to calculate NPSHA and the maximum distance below the pump that it can
pump water from without cavitating.

Figure53. Solution to NPSHA EES code showing the NPSHA and the allowable height below the
pump that the water surface can be.
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APPENDIX I
The radiators were tested under two conditions. The first condition was with the cooling fan (attached to
radiator) on, and the second was with it off. At this point, the team had all the information to design a
heat rejection system capable of transferring 1,000,000 Btu/hr to the atmosphere. After performing all of
the necessary analysis, the team decided that using a system of radiators with fans was the best option.
The results of the radiator experiments are shown in Table 10.
Table 10. Data collected from radiator tests.
Bucket
Volume (gal)
5
5

Bucket Fill
Time (s)
15.2
15.3

Flowrate
(gpm)
19.74
19.61

Mass Flowrate
(lb/hr)
9878
9814

Inlet
Temp (F)
146
134

Outlet
Temp (F)
135
124

Heat Transfer
Rate (Btu/hr)
108,661
98,138

At this point, further analysis was performed on the heat rejection system to determine the proper layout
of the system of radiators. There were 2 different layouts that are under consideration. The first one was
all radiators in parallel, and the second one was half as many in parallel and 2 in series. The decision was
somewhat trivial after further analyzing the system. The flow rate entering the heat rejection system is
200 gpm. This flow then splits up into the parallel branches. The flow rate through each branch is
determined by how many branches there are. Since the flow will split up evenly, the equation for the
volumetric flow rate through each branch is given by,

The 2 cases were then analyzed and the corresponding flow rates were found. When 10 radiators are
connected in parallel, the flow rate through each branch (and radiator) is 20 gpm. The pump used to test
the radiators has a capacity of 20 gpm. With 10 parallel branches, there will be 2 radiators on series in
each branch. The EES file and results are shown in Figure 54 and Figure 55.

81

Figure 54. EES code from radiator system analysis.
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Figure 55. EES solution for the radiator system analysis. Important values are boxed and underlined.

As is shown in the EES results, the factor of safety for this system is 1.8. This will account for any
fouling that may occur over time. Also, it will allow the system to be used in warmer weather, when the
heat transfer rate from the radiators will not be as high as cooler days.
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APPENDIX J
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Figure 56. Flow calibration curve for both the hot and cold loops.
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